Object. The authors used a fiber dissection technique to describe the temporal stem and explain the tendency of malignant tumors to spread within both the frontal and temporal lobes. The authors focused on the morphological characteristics and course of various fasciculi of the temporal stem, including the uncinate fascicle, occipitofrontal fascicle, anterior commissure, loop of the optic radiations (Meyer loop), and the ansa peduncularis.
D
escribeD by Ebeling and von Cramon 6 in 1992, the temporal stem is a thin band of white matter concentrating long and short association fibers that connects the frontal and temporal lobes. Our aim in this anatomical study was to describe the temporal stem and explain the spread of seizures originating from the mesial temporal structures to better understand malignant tumoral extension between adjacent temporal and frontal lobes over the temporal stem (such as gliomatosis).
Methods
Sixteen hemispheres (8 brains) of formalin-fixed normal adult human brains of both sexes were examined. The Klingler fiber dissection method 10 was applied with the aid of a Zeiss operating microscope (magnification range 6-40). Each brain was removed from the cranium no longer than 12 hours postmortem, and fixed in a 10% formalin solution for at least 3 months, suspended by the Microsurgical anatomy of the temporal stem: clinical relevance and correlations with diffusion tensor imaging fiber tracking
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This article contains some figures that are displayed in color on line but in black and white in the print edition. basilar artery to avoid deformation. The specimens were washed under running water for several hours, and the arachnoid mater and vessels were completely removed. The brains were then refrigerated at temperatures ranging from −10 to −15°C for 15 days. Because water increases 10% in volume with the formation of ice, the fibers were somewhat spread apart after refrigeration. The primary dissection tools were handmade thin, wooden, and curved metallic spatulas with various tip sizes.
In addition, 10 patients without brain lesions were studied. Tractography was accomplished by placing initiation and termination sites (seed and target points) in both frontal and temporal regions. All MR images were obtained using a 1.5-T whole-body unit with echo planar capabilities and a standard whole-head transmitter-receiver coil (Vision, Siemens, and Signa EchoSpeed, General Electric Medical Systems). Before calculating fractional anisotropy, the Philips Research Integrated Development Environment registration tool was used to remove eddy current distortions and head motion. Philips Fiber Tracking 4.1V3 software was used to plot fiber tracts and determine fractional anisotropy.
Results
The human adult temporal stem is completely enclosed and concealed under the lateral orbital and superior temporal gyri in the depths of the lateral fissure. The prominent caudatolenticular bridges of gray matter crossing the anterior limb of the internal capsule were easily visible and resected. We found the fibers of the temporal stem to be intermingled in various ways.
Anterior Commissure
The anterior commissure constitutes a bundle of white matter almost completely surrounded by gray matter, found after removal of the head of the caudate nucleus. This structure resembles bicycle handlebars crossing the midline just ventral to the supraoptic recess of the third ventricle and the columns of the fornix. Its lateral expansion is covered by a thin wrapping called the canal of Gratiolet, appearing as a diagonal of a rectangle whose borders are the uncinate fasciculus and the optic tract. The anterior commissure ends in the amygdaloid nucleus of the temporal pole, and has an average length of 46 mm (range 41-51 mm) and diameter of 4 mm (range 3-5 mm) (Fig. 1A) . The substantia innominata of Reichert lies below the temporal extension of the anterior commissure (Fig. 1B) . In 69% of the hemispheres we examined, the thin medial olfactory extension of the anterior commissure was well defined, extending from the ventral convexity of the anterior convexity within the anterior perforating substance. In 31% of hemispheres, this extension was underdeveloped or absent.
Amygdalofugal Fibers
The amygdalofugal fibers were noted to cross the anterior perforating substance and run parallel between the anterior commissure and the optic tract. They seemed to interconnect the amygdaloid nucleus and the subthalamic region, running laterally to the rostrum of the CC to reach the temporal stem. These structures look like a glove of pelota concentrating the convexity of the head of the caudate nucleus, and averaging 41 mm in length (range 37-45 mm) and 5 mm in diameter (range 4-6 mm) (Fig. 1B) .
Inferior Occipitofrontal Fasciculus
The inferior occipitofrontal fasciculus belongs to a layer of more superficial white matter, and appeared to be superior to the uncinate fasciculus. This structure was sometimes difficult to separate from the uncinate fasciculus, and had a long anteroposterior course within the temporal lobe, passing into the extreme and external capsules. The inferior occipitofrontal fasciculus had an average length of 81 mm (range 73-89 mm), and an average height of 39 mm in the frontal lobe and 22 mm in temporal lobe; its resection allowed us to uncover other deep structures (Fig. 1A) . 
Corpus Callosum
A short ventral portion of the radiations of the CC seemed to belong to the temporal stem; to our knowledge this has not been previously described in the literature. These radiations had an average length of 62 mm (range 56-68 mm) and diameter of 8 mm (range 6-11 mm).
Uncinate Fascicle
The uncinate fascicle had 3 parts: a ventral or frontal extension, an intermediary segment called the isthmus or insular segment that lies in the limen insulae area, and a temporal or dorsal segment. The posterosuperior margin was attached to the rostral border of the occipitofrontal fasciculus. The medial fibers seemed to reach the basolateral nucleus of the amygdala. The length of the uncinate fasciculus averaged 45 mm (range 40-49 mm) in our specimens, and the average width of the frontal extension was 20 mm. This was interrupted in its dorsal part by several inferior callosal radiations emerging from the foot of inferior frontal gyrus or the pars opercularis of F3 (the Broca center or area 44) (Fig. 1C) . The breadth of the temporal portion averaged 46 mm.
Meyer Loop
The initial portion of the optic radiations, called the Meyer loop, cover the extremities of the uncinate fasciculus and the lateral extension of the anterior commissure. More medially, the temporal tip of the choroid plexus constitutes a dorsomedial boundary of the temporal stem (Fig. 1D ). More dorsally located is the hippocampus, with an average head height of 8 mm and a frontal diameter of 14 mm.
Cross-sectional 3D MR images showed that fibers of the temporal stem curved dorsally in a fan-shaped arrangement. We noted that the medial olfactory extension of the anterior commissure was never visible on MR images. The fact that the fibers of the temporal stem were intermingled in various directions to form a dense 3D network encompassing all the white matter created too many artifacts for accurate tractography in this area (Fig. 2) . A drawing summarizes these fasciculi within the temporal stem (Fig. 3) .
Discussion

Morphological Characteristics of the Temporal Stem
Several fasciculi-including the Meyer loop of the optic radiation, the uncinate fasciculus, the occipitofrontal fasciculus, the anterior commissure, the inferior thalamic peduncle, the posterior thalamic peduncle, the extreme capsule, the temporopontine fibers, the corticotectal fibers, the corticotegmental fibers, and the occipitopontine fibers-are embedded in a dense network within the temporal stem. 2, 20, 21, 36, 37 The anterior bundle of the optic radiation initially crosses ventrally over the roof of the inferior horn, then turns backward, forming the so-called Meyer loop or the temporal knee around the tip of the temporal horn. The optic radiations run below the inferior longitudinal fasciculus, 1,20,21,31,32 and extend for a variable distance in the temporal pole along 5 mm in front of the temporal horn, 15-30 mm behind the tip of the temporal pole, and 5 mm anterior to the hippocampus head. 21, 24 The Meyer loop has an anterior concavity and drapes behind the distal portion of the anterior commissure, whose lateral expansion appears to follow a counterclockwise rotation similar to the pattern of a hemp rope. 20 Some fibers of the anterior commissure merge into the anterior loop. 30, 31 The Meyer loop extends anteriorly up to the lateral surface of the amygdaloid nucleus in the vicinity of the anterior commissure.
The uncinate fascicle is a long ipsihemispheric association fascicle with a hooklike shape that sharply curves ventrally at the limen insulae region underneath the putamen and the claustrum. Its mean width and height in our specimens were 7 and 5 mm, respectively. This structure originates like a double fan from the ventral 3 temporal gyri (areas 20 and 38) in front of the tip of the inferior horn and the cortical nuclei of the amygdala (areas 28, 34, and 36) and joins the gyrus rectus (area 11), the medial retroorbital cortex (area 12), and subcallosal area (area 25), after passing underneath the MCA. The uncinate fasciculus has been reported to be asymmetrical in 80% of those examined, and is on average 27% larger and contains one-third more fibers in the right than the left hemi- sphere. 6, 7, 23, [29] [30] [31] [32] Nevertheless, there were no significant differences for age or sex. 23 The occipitofrontal fasciculus is a long association bundle that goes through the basal portion of the insula, immediately rostral to the uncinate fasciculus. 32 It appears to include fibers connecting the auditory (area 22) and visual association cortex (areas 20 and 21) in the temporal lobe with the prefrontal cortex (areas 54 and 55). 9 The anterior commissure belongs to the interhemispheric commissural system. It is almost completely surrounded by gray matter, resembles bicycle handlebars, and crosses the midline just anterior to the anterior columns of the fornices. 17 The medial extension (or anterior crus) connects both olfactory systems, creating a real olfactive commissure. 19 The lateral extension of the anterior commissure passes through the basal portion of the globus pallidus-perpendicular to the optic tract and medial to the uncinate fasciculus-to the temporal region. 4, 29 Its lateral relationships are the fasciculus olfactorius, the nucleus accumbens septae, the head of the caudate nucleus, the anterior limb of the internal capsule, and the putamen. 17, 22 More medially, after removal of the lateral extension of the anterior commissure, we can see the ansa peduncularis, which is composed of amygdaloseptal (diagonal band of Broca), amygdalohippocampic, and amygdalothalamic fibers (or pedunculus thalami extracapsularis).
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The sagittal stratum is made of these 2 last fasciculi (the inferior longitudinal fasciculus and the optic radiations) and the posterior thalamic peduncle (which contains the optic radiations). It is a large white matter tract that is oriented in a sagittal plane and passes from the temporal to the occipital lobe. 31 
Temporal Stem, Epilepsy, and Brain Tumors
The temporal stem-including the uncinate fasciculus, the stria terminalis, the fornix and the amydgdalofugal fibers-seems to be the preferential pathway for seizure spread. The main sites of seizure origin are the hippocampal formation more than the amygdala. 11, 13 In addition, the inferior occipitofrontal fasciculus seems to produce the visual hallucinations that can accompany epilepsy. 25 Tumors of the temporal stem represent 13% of tumors of the limbic and paralimbic system. Tumors in this region average > 5 cm in diameter. 36 The temporal stem, a well-myelinated structure, constitutes a pathway of glioma dissemination and helps to explain the phenomena of gliomatosis cerebri and multicentricity. In addition, tumors can spread within the confines of the allocortical/ mesocortical zones while sparing adjacent neocortical areas and medial structures such as the claustrum, putamen, pallidum, and capsules. 35, 37 An infiltrating insular glioma involving the frontal opercula and the frontoorbital gyrus via the temporal stem is shown in Fig. 4 . This rostrocaudal tumoral spread is in contrast with the frontal spread across the CC. Slow growing, low-grade temporal tumors are one of the most common causes of epilepsy of children. The uncinate fascicle allows seizure propagation, and its partial interruption can decrease the number and intensity of seizures. Because the temporal stem is very deep and contains critical structures that must be preserved, complete resection of lesions in this region is not always possible due to the decreasing volume of the critical epileptogenic mass. 38 
Temporal Stem and Surgical Approaches
Orbitofrontal insular temporal pole tumors can be removed with a special attention to the origin and course of the lenticulostriate vessels as the neurosurgeon enters the anterior perforating substance in the region of the uncinate fasciculus. It is important to note that the uncinate fasciculus underlies the MCA. This knowledge is critical so that the surgeon can avoid injury to the M1 segment of the MCA during removal of insular gliomas. 35, 36 To avoid retraction of the temporal lobe and damage to the temporal stem, especially the optic radiations, some authors have proposed the anterior transsylvian and subtemporal transfusiform approaches. 37 The anterior transsylvian route opens the insular cistern along the gyrus of Heschl and provides an "insideout" orientation with a circumferential handling of the anatomy of the mesial temporal lobe. The inferior (temporal) horn is entered via a corticectomy through the superior temporal gyrus at the level of the limen insulae. Thus it allows the surgeon to avoid possible harm to the optic radiation, the anterior commissure, and the main components of the temporal stem, except the anterior part of the uncinate fasciculus, which will be transected. Advantages to this approach are both the preservation of the language area and visual pathways, avoiding sacrifice of normal cortical tissue. 14, 16, 26, 37 More recently, a transsylvian, transcisternal, mesial en bloc resection has been proposed for hippocampal sclerosis. A semicircular opening of the dura is made above the sylvian fissure, and the arachnoid of the interpeduncular cistern is opened, exposing the basal arteries. The medial face of the parahippocampal gyrus rhinal sulcus is then visible. Resection of the anterior hippocampus and amygdala is made en bloc up to the midmesencephalic level, and facilitated by following the medial wall of the opened inferior horn of the lateral ventricle. This approach preserves the lateral and laterobasal temporal lobe. However, this route can cause temporary mechanical irritation of the oculomotor nerve in 9% of patients explained by an arachnoid tunnel, which represents the lateral duplicate extension of the Liliequist membrane. From 3 to 13% of patients present with contralateral superior quadranopia, which is never perceived in daily life. 3, 33 The subtemporal transfusiform gyrus approach to the parahippocampal gyrus spares the lateral temporal neocortex with its higher cortical functions but can cause injury to the vein of Labbé or to a well-developed basal temporal bridging vein, and gives direct or retractionrelated injury to the inferior temporal gyrus, as demonstrated on postoperative MR images. These approaches through T-4 can be facilitated by removing the zygomatic arch. 5, 15, 28 During frontal lobectomy, care must be taken to preserve a part of the basifrontal cortex including the gyrus rectus to maintain the connections between Brodmann area 11 and the amygdala.
Temporal Stem, Functional Significance, and Cognitive Pathology
The temporal stem plays an important role in numerous of disorders, including amnesia, Klüver-Bucy syndrome, traumatic brain injury, and Alzheimer disease. 9 Surgical approaches in the temporal lobe often generate behavior changes that can be better understood if the effects on the white matter structures are considered, especially connections with the orbitofrontal region and limbic system. The anterior commissure plays a role in the interhemispheric transfer of visual, auditory, and olfactory information between temporal lobes in humans. 34 Fortunately, during severe diffuse axonal injury, the temporal stem is only involved in 6-8% of vegetative patients in comparison to the posterior part of the CC, which is involved in 100% of patients, or the rostral brainstem, which is involved in 74%. 8 The uncinate fasciculus carries cholinergic fibers from the basal nucleus of Meynert, innervating the anterior temporal lobe. 27 The temporal stem and the superior temporal gyrus play an important role in social cognition, social impairment, regulation of behavior, and neuromechanism of imitation. The authors of several analyses have shown that a reduction in the white matter of the temporal stem area may occur in individuals with autism. 12, 18 However, there are no significant differences in either the mean age or any of the diffusion tensor imaging measures in patients with autism who are taking psychotropic medications versus those who are not.
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Conclusions
Although many fasciculi developed in our cadavers and were also visualized separately using diffusion tensor imaging in living patients, this radiological method has the limitation of being unable to resolve detail of crossing and intermingled bundles. Our data provide detailed information regarding all white matter structures and should assist the surgeon in proper preoperative planning and intraoperative decision making, leading to a reduction in perioperative morbidity and death, especially in glioma resections.
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